A new spectroelectroanalytical method for the simultaneous determination of iron and copper is presented in terms of the spectroelectrochemical properties of complexes of iron and copper with 2,2'-bipyridine. By using long optical pathlength thin-layer cells, the differences in the absorbance after complete potential-controlled redox reactions of the two complexes (L\A) were proportional to the investigated concentration over ranges from 2X 10-' M to 5X105 M for iron and from 4X 10-' M to 1X104 -M for copper, respectively. The proposed method offers a higher selectivity than conventional spectrophotometry.
Spectroelectrochemistry (SEC) has been widely used to investigate some inorganic, organic and biological electrochemical processes.l-3 However, it seems that analytical application of spectroelectrochemistry has been paid little attention except in a few reports. Tyson and West conducted some pioneer investigations on quantitative analysis using long-pathlength spectroelectrochemical cells;4-6 however, no special chromogenic reagents were used in their studies. We described previously a theoretical treatment of a deposition and stripping process by long optical pathlength spectroelectrochemistry and made spectroelectrochemical analyses of copper with semi-infinite diffusion electrolytic cells. ' In this paper we describe a new spectroelectroanalytical method for the simultaneous determination of iron and copper with 2,2'-bipyridine (bpy) as a chromogenic reagent in long-pathlength thin-layer spectroelectrochemical cells. In addition, a sensitive anodic stripping thin-layer spectroelectroanalytical technique with a preelectrodeposition procedure is suggested for determining trace copper. of glassy carbon were used as the twin working electrode for the sake of faster electrolysis owing to a larger (electrode surface area)/(solution volume) ratio. The optical pathlength used was 1.90 cm. An Ag/AgCI saturated KCl electrode was used as a reference. A platinum wire served as the auxiliary electrode. All potentials are reported with respect to the Ag/AgCI/KC1 (sat). reference electrode. Spectroelectrochemical experiments were conducted using a Hitachi Model 557 Double-Wavelength/DoubleBeam UV-Vis spectrophotometer or a 751G UV/Vis spectrophotometer (Shanghai Analytical Instruments Plant) and an HDV-7C potentiostat (Sanming Electronics Plant). Cyclic voltammetry was performed using a polarographic instrument (Jiangsu Electroanalytical Instruments Plant) and an automatic recorder. All chemicals were of analytical grade. Doubly distilled water was used for all preparations.
The experiments were performed at room temperature.
Procedures
The test solutions with an HAc-NaAc buffer solution as the supporting electrolytes were carefully injected into a spectroelectrochemical cell to avoid gas bubbles; the cell was then positioned in the optical path. The difference in the absorbance at 520 nm from 0.7 to 1.1 V and that at 434 nm from -0.4 to 0.1 V were taken as the analytical signals for iron and copper determinations, respectively.
In the anodic stripping spectroelectroanalytical technique, a test solution in which 0.2 M NH3•H2O-0.2 M NH4Cl served as the supporting electrolyte was flowed
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through a thin layer spectroelectrochemical cell at a flow rate of 1 ml/min, while the working electrode potential was set at -0.9 V. After 60 s, the flowing solution was replaced by 0.2 M HAc-0.1 M NaAc-0.02 M bpy. The electrode potential was switched to 0.6 V to dissolve the electrodeposited copper on the electrode surface into the solution under stop-flow conditions. The difference in the absorbance at 434 nm from -0.4 V to 0.1 V was recorded and used as the analytical signal.
Results and Discussion
Spectroelectrochemical properties of the investigated complexes The thin-layer absorption spectra of the iron-bpy complex at different potentials are illustrated in Fig. 1 . The absorption maximum of [Fe(bpy)3]2+ is at 520 nm, which agrees well with that in ref. 9 . While the potential was turned positively, the red color gradually faded, since electro-oxidation of red [Fe(bpy)3]2+ gives a complex of Fe3+ with bpy, which almost does not absorb in the visible region. By means of an analysis of its Nernstian plot, i.e. E vs. log[(A-AR)/(Ao-A)], the formal potential (E°') and the number of electrons transferred (n) can be obtained from the intercept and the solpe of the Nernstian plot after measuring E, Ao, AR and A at 520 nm, where A denotes the absorbance at a chosen wavelength (here 520 nm) at the applied potential of E; Ao and AR are the limiting absorbance at the same wavelength, with E set as a highly oxidizing and highly reducing potential. The results for five trials were E°'=0.881±0.002 V, n=0.98±0.02.
E°' agrees well with the average potential of the anodic (0.91) and cathodic (0.84) peak potentials obtained from cyclic voltammetry.
The thin-layer absorption spectra of the copper-bpy complex at different potentials are presented in Fig. 2 . It is seen that the absorption maximum of [Cu(bpy)2]+ is at 434 nm. While the potential was turned positively, electro-oxidation of [Cu(bpy)2]+ produced a complex of Cu2+ with bpy, which almost did not absorb at 434 nm. By means of an analysis of its Nernstian plot as before, its formal potential (E°') and its number of electrons transferred (n) are given as E°'=-0.199±0.003 V, n=0.95± 0.02 for five trials. E°' is also in agreement with that given by cyclic voltammetry.
Considering the spectroelectrochemical properties of the two complexes, an exhausted electrolysis of [Fe(bpy)3]2+ could be achieved through a potential step from 0.7 to 1.1 V; therefore, an absorbance variation of between 0.7 and 1.1 V (DAFe) was taken as the analytical signal for an iron determination.
Similarly, the absorbance variation between -0.4 and 0.1 V (zAcU) was taken as the analytical signal for copper determination in this work.
Effects of the pH and amount of 2,2'-bipyridine
In order to investigate the acidity effect and to find the optimum concentration of HAc and NaAc, several HAcNaAc+0.02 M bpy+30 µM iron+50 µM copper solutions were tested. The results showed that LAFe and ~Acu were almost not influenced by the variation in pH from 3.5 to 5.5. Therefore 0.2 M HAc-0.1 M NaAc (pH 4.4) was selected as the supporting electrolyte of the test solution.
The amount of bpy is certainly an important factor. For test solutions of 0.2 M HAc-0.1 M NaAc+30 µM iron+50µM copper, SAFe and DAcU increased sharply with increasing concentration of bpy in the test solution, and reached steady values, respectively, when the bpy concentration was larger than ca. 200 µM. In order to form the complexes of interest as completely as possible, 0.02 M bpy was used. Calibration, reproducibility and interference DAFe and ~AcU were proportional to the investigated concentration over ranges of from 2X107 to 5X105 5 M for iron and from 4X10-' to 1X10-4 M for copper, respectively, as described by Eqs. (1) and (2) 
where CFe and Ccu are the concentration of iron and copper in M, respectively. The relative standard deviations (repeated 10 times) at 30.0 µM iron and 50.0 µM copper were 3.3% and 4.2%, respectively.
As well known, a slight absorbance measured with conventional spectrophotometric cells (less than 0.01) may be ascribed to a slight variation in the thickness and transmissivity between the analyzed cell and the reference cell. However, in the present spectroelectroanalytical technique, even a slight difference in the absorbance should, in principle, only be related to the concentration variation, since it is always obtained by potential control in the same spectroelectroanalytical cell. To confirm this idea, a working curve for small absorbance was evaluated, as shown in Fig. 3 . A good linear relationship between DAFe and CFe can be seen. The iron concentration with a mean absorbance of 0.0076(au) gave a relative standard deviation of 7.4% in 8 trials. Therefore, a quantitative analysis can still be achieved even if a very minor absorbance change is recorded.
The effects of other ions on the determination of iron and copper were investigated. No significant interferences (with a relative deviation in absorbance smaller than 4%) to the simultaneous determination of 30.0 µM iron and 50.0µM copper were caused by the following anions and cations (in mM): Zn2+ (5.2), Ca2+ (5. 1), Ni2+ (1.1), Cd2+ (4.3), Cot+(1.2), Pb2+ (5.7), Mg2+ (5.4), Be2+ (4.6), A13+ (3.9), NH3+ (5.3), Si032-(5.0), C032-(2.4) and P043~ (1.5), respectively. However, since the competitive complexing of metal ions, such as Zn2+, consume free bpy, there are upper concentration limits of toleration for these ions in order to achieve a complete complexation of iron and copper with bpy. For example, almost no analytical signals were recorded experimentally when the coexisting Zn2+ reached a concentration of 0.05 M. Furthermore, an accurate determination of 30.0 µM iron in a solution comprising 4 mM copper and 50.0 µM copper in a solution comprising 2 mM iron can still be made, which can not be analyzed accurately only by conventional spectrophotometry, due to a significant overlapping of the absorption spectra of [Fe(bpy)3]2+ and [Cu(bpy)2]+ over these concentration ranges. Success in the simultaneous determination of copper and iron should be ascribed to the improved selectivity of the present spectroelectroanalytical method in which the analytical signals are determined not only by their spectra, but also by their electrochemical properties, since potential controlled absorbance variations are recorded here. In other words, interferences will not be constituted for a coexisting species in a test solution with similar spectral, but different electrochemical, properties and/or with similar electrochemical, but different spectral, properties to the investigated species.
Anodic stripping spectroelectrochemical analysis of copper As well known, anodic stripping voltammetry (ASV) is an extremely sensitive electroanalytical mthod, since a preconcentration procedure is taken. However, in general, it is somewhat difficult to distinguish Faradaic and non-Faradaic currents in conventional electroanalytical techniques, including ASV. It has been reported that spectroelectroanalytical methods have no problem in distinguishing Faradaic and non-Faradaic currents. 6 We have therefore presented a spectroelectroanalytical method with a preconcentration procedure by using semi-infinite diffusion cells. ' In this work, an anodic stripping spectroelectroanalytical technique in combination with thin-layer electrolysis is described. Thin-layer electrolysis is used because the thin-layer volume is ca. 50 µl and a small dead volume during flowing electrodeposition can be satisfied. Analytical procedures are described in the experimental section. A working curve by using a electrodeposition time of 60 s is described by Eq. (3) LAcu = 52012Ccu + 0.003 (r = 0.9982, 5 trials),
The apparent molar absorptivity is ca. 6-times that without electrodeposition, as judged from the slope.
Analytical application
Determinations of iron and copper were made in aluminum alloys and a pig-serum sample. The procedures for the analysis of aluminum alloys were as follows: 20 ml of 1 M HCl and 10% H202 were used to dissolve the sample under warm heating conditions (not above 70° C); then excess acids were eliminated by boiling the solution. After adjusting the solution to ca. pH 4, it was prepared as a test solution by adding 0.2 M HAc-0.1 M NaAc-0.02 M bpy, which was ready for analysis, as before.
The results are given in Table 1 , and are in agreement with those found by the National Standard Method (given by Shanghai Material Research Institute). The procedures for a pig-serum sample are as follows: 50 ml of an HN03+ 10% H2O2 solution was utilized to process pig serum comprising ca. 4 -10 µg iron or copper; the mixture was then carefully heated to 500° C. The residue was dissolved in 20 ml of a 1 M HCI+ 10% H2O2 solution10, as above, followed by being prepared as a test solution. The determination results are also given in 
